Terahertz (THz) science will profoundly impact biotechnology. It has tremendous potential for applications in imaging, medical diagnosis, health monitoring, environmental control and chemical and biological identification. THz research will become one of the most promising research areas in the 21st century for transformational advances in imaging, as well as in other interdisciplinary fields. However, terahertz wave (T-ray) imaging is still in its infancy. This paper discusses the uniqueness and limitations of T-ray imaging, identifies the major challenges impeding T-ray imaging and proposes solutions and opportunities in this field. It also concentrates on the generation, propagation and detection of T-rays by the use of femtosecond optics.
Introduction
Terahertz (THz) waves, with a frequency range of 0.1-10 THz, are termed 'T-rays'. They occupy a large portion of the electromagnetic spectrum between the infrared and microwave bands. Compared to the relatively well-developed science and technology at microwave, optical and x-ray frequencies, basic research, new initiatives and advanced technology developments in the THz band are very limited and remain relatively unexplored.
The large terahertz portion of the spectrum has not been well developed because there were neither convenient high-power emitters to send out controlled terahertz signals nor efficient sensors to collect them and record information. Developments in THz time-domain spectroscopy and related THz technologies now lead us to view the world in a new way. As a result of developing research, terahertz radiation now has widespread potential applications in medicine, microelectronics, agriculture, forensic science and many other fields.
During the last 15 years, the fundamentals of free-space THz optoelectronics have seen significant advances with the development of solid state mode-locked lasers (especially Ti:sapphire lasers) and microelectronics fabrication (such as micron size planar photoconductive antennas). Several different optoelectronic techniques for the generation, propagation and detection of T-rays have been developed. Free-space pulsed THz optoelectronic radiation and detection systems, which use photoconductive antennas or electro-optic crystals, provide diffraction-limited spatial resolution, femtosecond temporal resolution, dc-THz spectral bandwidth and sub-mV cm −1 field sensitivity. THz time-domain spectroscopy and imaging has been applied to material science, physics, electrical engineering and chemistry. Potential applications in biology and medicine are now beginning to emerge. In the same way that visible light can create a photograph, radio waves can transmit sound and x-rays can view within the human body, terahertz waves can create images and transmit information.
Several properties of THz wave radiation triggered research to develop this frequency band for biomedical applications. T-rays have several advantages over x-rays, one being that they have low photon energies (for example, 4 meV at 1 THz) and therefore do not subject a biological tissue to harmful radiation [1] . In comparison, typical x-ray photon energy is in the range of keV, which is 1 million times higher than that of a T-ray photon. While microwave and x-ray imaging modalities produce density pictures, T-ray imaging also provides spectroscopic information within the terahertz frequency range. The unique rotational, vibrational and translational responses of materials (molecular, radicals and ions) within the THz range provide information that is generally absent in optical, x-ray and NMR images. In principle, these transitions in THz frequency are specific to the molecule and therefore enable THz wave fingerprinting. This conformational information is closely related to biological functions of the molecules in tissues and cells and is difficult to access with other techniques.
Coherent THz wave signals are detected in the time domain by mapping the transient of the electric field in amplitude and phase. This gives access to absorption and dispersion spectroscopy. T-rays can also easily penetrate and image inside most dielectric materials, which may be opaque to visible light and low contrast to x-rays, making T-rays a useful and complementary imaging source in this context.
A goal of T-ray imaging is to produce images with 'component contrast' enabling an analysis of the water content and composition of tissues in biological samples. Such a capability presents tremendous potential to identify early changes in composition and function as a precursor to specific medical investigations and treatment. Moreover, in conventional optical transillumination techniques that use near-infrared pulses, large amounts of scattering can spatially smear out the objects to be imaged. T-ray imaging techniques, due to their longer wavelengths, can provide significantly enhanced contrast because of low scattering (Rayleigh scattering).
Since the onset of imaging with T-rays, in 1995 [2] , various T-ray imaging modalities for numerous applications have been proposed, developed and demonstrated . They include electro-optic imaging [3] , tomographic imaging [6] , single-shot imaging [9] , near-field imaging [15, 20] , dark-field imaging [26] , bistatic THz imaging [32, 33] and T-ray computed tomography (CT) [36, 37] . This paper discusses recent developments in T-ray imaging and reviews the major hurdles to be overcome towards the goal of a practical biomedical application. Sections 2 and 3 briefly review terahertz history and state-of-the-art techniques in pulsed THz generation and detection with emphasis on optoelectronic techniques. Section 4 offers a vision of the future by describing a futuristic medical THz imaging system that would fill a pressing need in the medical imaging community. This vision is used as the motivation for a discussion in section 5 on the prominent challenges facing THz imaging and potential solutions.
Generation of terahertz waves
Currently, there are two basic methods for generating T-rays using ultra-fast laser pulses: photoconduction and optical rectification [38, 39] . A typical optical source for the generation of T-rays is an ultra-fast Ti:sapphire laser with an average power of nearly 1 W, a pulse duration of 100 fs and a centre wavelength at 800 nm. The photoconductive approach employs high-speed photoconductors as transient current sources for radiating antennas. The optical rectification approach uses electro-optic crystals as rectification media. Rectification can be a second order (difference frequency generation) [40] [41] [42] [43] [44] [45] or higher order non-linear optical process [46] , depending on the optical power density.
Optical rectification is the inverse process of the electro-optic effect [40] . In contrast to photoconducting elements where the optical beam functions as a trigger, the energy of THz wave radiation, generated by the transient optical rectification process, comes from the excitation laser pulse. The conversion efficiency (10 −4 to 10
) depends on the value of the non-linear coefficient and the phase-matching condition [47] [48] [49] [50] . In the optical rectification mode, the THz pulse duration is comparable to the optical pulse duration, and the frequency spectrum is mainly limited by the bandwidth of the laser pulse.
In general, photoconductive antennas provide higher T-ray power than the use of optical rectification. This is due to the fact that the T-ray energy is pre-stored in the antenna structure as dc coupled electrostatic energy. The pulsed optical excitation triggers the switch to release the energy as radiation. In theory, the total T-ray power can be higher than the input triggering optical energy. However, optical rectification converts part of the incident optical energy into THz radiation, so the total T-ray power is much smaller than that of the optical excitation beam. The typical conversion efficiency of optical power to T-ray power ranges from 10 −3 to 10
.
Detection of terahertz waves
In a similar fashion to the generation of T-rays, both photoconductive and electro-optic methods can be used to detect T-rays. Historically, a photoconductive antenna was first used to detect freely propagating T-rays [38] . Electro-optic detection, an alternative method demonstrated 7 years ago [51] [52] [53] [54] [55] [56] [57] [58] , has become widely used in many research laboratories due to its ultra-wide bandwidth and parallel imaging capability.
In an electro-optic sampling setup, the field-induced birefringence of the sensor crystal, due to an applied electric field (THz wave), will modulate the polarization ellipticity of an optical probe beam that passes through the crystal. The ellipticity modulation of the optical beam can then be polarization analysed to provide information on both the amplitude and the phase of the applied electric field. A balanced detection system analyses the polarization change from the electro-optic crystal and correlates it with the amplitude and phase of the THz electric field. The time evolution of the T-ray waveform is provided by changing the relative length of the beam path between the THz radiation pulses and the optical probe pulses (pumpprobe sampling method). Detection sensitivity is significantly improved by increasing the interaction length of the pulsed field and optical probe beam within the crystal, accomplished by using a thicker crystal. As a quasi-optical beam, a T-ray can be reflected and collimated by metallic mirrors and focused by a plastic or high-resistivity silicon lens. In a T-ray sensing measurement, a target sample is placed within the THz beam path and the transmitted and/or reflected THz waveform (phase and amplitude) contains information about the interaction between the T-rays and the sample.
A vision of biomedical imaging
In this section one particular goal of THz imaging is presented. This vision is certainly not the only possible biomedical application of THz imaging and is not necessarily achievable in the short to mid term. It is provided to elucidate the strengths of THz imaging and how they might find application in a medical context. It is also used to provide a focus for the subsequent section, which discusses some of the major hurdles impeding this goal. This vision combines the capabilities of a number of current research directions including near-field T-ray microscopes, tomographic reconstruction and endoscopic techniques. We discuss the applications of a three-dimensional (3D) THz molecular imaging system and briefly review the competing technologies.
In vivo molecular imaging is considered as the next frontier in medical diagnostics. In the ideal situation, this imaging would be performed non-invasively. However, it is difficult to conceive of such a system, instead we will consider an endoscopic THz imaging probe capable of near-field micrometer resolution and spectroscopic analysis. The development of such a tool would be an entirely new technology that would provide potential for earlier detection and characterization of disease, understanding of biology and evaluation of treatment.
Physicians currently rely on relatively gross parameters of disease. In the case of cancer, this typically includes tumour burden, anatomic location and similar parameters. Disease characterization may be improved by using more specific parameters, such as the detection of pre-malignant molecular abnormalities, growth kinetics, angiogenesis growth factors, tumour cell markers or genetic alterations.
This technology would also allow for the assessment of therapeutic effectiveness at a molecular level, long before phenotypic changes occur. Molecular in vivo imaging may allow for the study of pathogenesis within intact microenvironments of living systems. From the current clinical perspective, the T-ray microscope has tremendous potential. We envision a tool featuring a sampling probe that would be placed within an organ through the skin. Once the probe was in place, an in vivo image would be obtained consisting of a tomographic image and a multispectral analysis of a 3D volume of tissue. A picture of a tumour, for example, would be reconstructed using multiple T-ray images at different angles. This method creates a biologically accurate 3D picture that gives a researcher a better understanding of the disease and how it has spread.
One of the breakthrough elements of sampling molecular information is the development of an imaging system capable of high spatial resolution and sensitivity. The most commonly used imaging techniques for extraction of molecular information are positron emission tomography (PET), magnetic resonance (MR) and optical techniques. PET is frequently used when a substrate to a given target exists that can only be labelled to a positron emitter. PET has high sensitivity: however, its spatial resolution is poor. MR imaging has two potential advantages over PET. It has a higher spatial resolution (micrometre compared to several millimetres) and the fact that physiologic and anatomic detail can be extracted simultaneously.
In comparison with PET imaging, MR imaging is several magnitudes less sensitive (millimolar rather than picomolar), which is why reliable signal amplification strategies must be developed. Recently, cell labelling techniques have been developed that will allow efficient in vivo tracking of cell lines expressing transgenes, potentially at the single cell level.
Challenges and hurdles
Sensing and imaging with terahertz frequency for biomedical applications faces many challenges [59] . Various factors severely constrain plausible scenarios for the application of terahertz technology. This section discusses the challenges facing THz wave imaging. These challenges, including signal-to-noise ratio (SNR), acquisition rate and resolution, reflect common problems encountered in a number of imaging modalities. Other challenges, such as the need for a spectroscopic database for biological tissues, are unique to THz imaging. Where appropriate, recent progress addressing these problems is highlighted and potential future research directions are described.
Water
Perhaps the most restrictive challenge facing THz imaging in biomedical applications is the high absorption rate of water and other polar liquids. The absorption coefficient for liquid water is as high as 150 cm −1 at 1 THz. This strong absorption limits the sensing and imaging in water-rich samples for most terahertz applications and prohibits transmission-mode imaging through a thick tissue. For this reason, current biomedical THz research has primarily focused on skin conditions [26, 31] .
Power
The typical average power of the THz wave source is of the order of µW range (from 0.1 µW to 100 µW) with the use of a pulsed laser oscillator at 1 W output power. The peak power of a THz wave ranges from 100 µW to 0.1 W depending on the duty cycle of the oscillator. For sensing application with single pixel detection, this power can provide a signal-to-noise ratio of 10 4 or higher. However, for a detector array system for real-time 2D imaging, an average of mW or higher (or a peak power of kW) is preferred. This may require an amplified spatial resolution.
The resolution of conventional T-ray imaging systems is limited by the wavelength of the THz radiation (0.3 mm for 1 THz). This is not detailed enough for a number of applications including imaging of cellular structures. There is, therefore, widespread interest in techniques to improve the spatial resolution of T-ray imaging.
Near-field imaging can greatly improve the spatial resolution of T-ray sensing and imaging systems. Initial experiments demonstrated 110 µm and 232 µm spatial resolution for λ = 125 µm and λ = 1 mm, respectively [61] . Other groups then used a collection mode near-field imaging technique utilizing a small aperture in a metallic film to block all but a small fraction of the THz radiation. The resolution is determined by the size of the aperture, but is limited by the thickness of the metallic film, which must be thick enough to prevent leakage of THz radiation through the film. A resolution of 7 µm has been demonstrated using this technique [20, 28] . The limitation of such a system is the extremely low throughput of the T-rays past the emitter tip, since the transmitted T-ray field is inversely proportional to the third power of the aperture size. It is nearly impossible to obtain a sub-micron spatial resolution with the present T-ray generation and detection technologies.
Another technique for near-field imaging utilizes a dynamic aperture [15, 22] . A THz beam is focused on a semiconductor wafer (GaAs or Si as the gating material). An optical pulse, which is synchronized with an optical pump and a probe beam, is focused at the centre of the THz beam spot. The optical gating pulse creates a conducting layer at the focal point by photo-induced free carriers; the layer then modulates the transmitted THz beam. The spatial resolution of this method is determined by the focus size of the near-infrared laser beam and a resolution of (λ/100) has been demonstrated. One drawback of this method is the difficulty in coating a gating material on the surface of biomedical samples such as cells and tissues.
Another potential drawback of near-field techniques is the requirement to scan the target. This results in prohibitive acquisition times. A near-field CCD imaging technique would require advanced algorithms to deal with the problems of diffraction and has not yet been considered in the literature.
Signal-to-noise ratio
THz time-domain spectroscopy systems are capable of very high signal-to-noise ratios (SNRs) of over 100 000. However, in biomedical imaging, a number of factors combine to dramatically reduce the SNR to the point where it is a limiting concern. Some of these factors include the need to accelerate the imaging acquisition speed (see section 5.4) and the high absorption of biological tissue (section 5.1).
Solutions to the problem of SNR are sought in improving the T-ray hardware. THz sources have very low average output powers and THz sensors have relatively low sensitivity compared to sources and sensors operating in the optical spectrum. Both of these aspects of T-ray systems are foci of current research and continue to improve. Other problems are related to the THz generation process, which results in THz beams that are not Gaussian and cannot be collimated as well as optical beams. This results in additional noise in THz images. Potential solutions to the SNR problem may be found in free-electron lasers or in all electronic THz systems [61] although currently each of these alternatives has its own disadvantages.
Acquisition speed
Conventional THz imaging systems rely on scanning the sample in x and y dimensions to obtain an image. This places severe limits on the available acquisition speed. The first system [2] demonstrated an acquisition rate of 12 pixels/s. Recently, a 50 pixels/s rate has been demonstrated [34] but significant advances are required to allow real-time imaging. Two-dimensional electro-optic sampling has been used together with a CCD camera to provide a dramatic increase in imaging speed [3] and rates as high as 5000 pixels/s are feasible. However, the relegation of the lock-in amplifier results in a significant reduction in SNR compared to the scanned approach. The use of a chirped probe pulse to allow simultaneous sampling of the THz temporal profile [7, 9] can provide a comparable imaging speed to 2D electro-optic sampling, but in addition to a reduced SNR this technique has the additional disadvantages of reduced frequency bandwidth and a limited temporal window. Progress in this domain is largely reliant on other technologies, and improvements are expected to arise from developments such as faster galvanometric stages and lock-in CCD cameras.
Limited frequency bandwidth
Currently, standard photoconductive dipole antenna (PDA) THz sources are limited to frequencies below 3 or 4 THz. Optical rectification provides a wider bandwidth and generation and detection bandwidths in excess of 30 THz have been demonstrated [62, 63] , however this is at the expense of THz power (and therefore SNR). Ideally, a THz imaging system would allow tissue responses to be measured up into the infrared. This would not only allow broader signatures to be observed but also allow the potential for reduced water attenuation, which falls dramatically as the frequency increases over 100 THz.
Optical parametric generation of a CW THz wave provides a tunable, narrow bandwidth radiation source. With a seed idler beam from a laser diode (1.07 µm), a YAG laser at 10.6 µm generates a THz wave in a LiNbO 3 crystal in a phase-match condition [64] . The THz wavelength can be tuned from 0.7 THz to 2.4 THz, and the bandwidth is less than 2 MHz (instrument limitation). Other CW THz sources, using optical down conversion, include the beating frequency from two semiconductor diode lasers on a photomixer; this will provide a low cost, tunable THz source with very narrow bandwidth [65] .
Scattering
Scattering is a common problem for many imaging modalities. In x-ray tomography, scattering of x-ray photons causes artefacts in reconstruction, while in optical tomography of human tissue, scattering is the main transport phenomenon and algorithms are based on modelling photon propagation as a diffusive process. T-rays exhibit significantly reduced scattering in human tissue compared to near-infrared optical frequencies due to the increased wavelength. However, scattering remains an important concern because it is neglected by common processing algorithms. Recently, the scattering of THz radiation has been investigated using Teflon spheres and scattering related dispersion was noted [66] . This may allow the scattering process to be accurately modelled to aid the future development of diffusion imaging algorithms, such as those adopted for near-infrared imaging. Other authors have compared the scattered and ballistic THz radiation to yield additional information concerning the sample under study and have shown that this technique has promise with regard to cancer detection [26] .
Target reconstruction
Much of the literature concerning T-ray characterization of materials considers only transmission through thin parallel-faced samples, or reflection from relatively flat surfaces [6, 67, 68] . However, a large class of applications calls for imaging of irregularly shaped 3D objects. This presents a number of difficulties in terms of collection optics and reconstruction algorithms. Recently, several groups have focused their attention on this problem resulting in a number of techniques and algorithms for target reconstruction. A synthetic aperture radarbased technique has been demonstrated [27] whereby reflection-mode images of the target are obtained at multiple angles and the 3D reflecting profile of the target is reconstructed. In addition, a biostatic THz imaging system consisting of THz receivers at multiple angles relative to the illuminating antenna has been used to image cylindrical reflecting structures [32] and irregular apertures [30] .
Another recent development addressing this question is T-ray computed tomography (T-ray CT) [35] . By using this technique, a transmission-mode image of the target is obtained at multiple projection angles. The filtered back-projection algorithm is then used to reconstruct the far-infrared optical properties of the 3D structure. It has been shown that this technique is capable of performing the reconstruction at multiple frequencies and thus extracting spectroscopic information from the target [36] . Much of future research in this domain will focus on improving algorithms to allow reconstruction of complex targets in the presence of noise.
The applicability of T-ray tomography is limited by the reconstruction algorithms. The current simple algorithm does not describe the full interaction of THz radiation with complex structures and more sophisticated methods are required before strongly diffracting objects can be imaged accurately. The resolution of the T-ray CT is about 4 mm. Better algorithms will further improve the spatial resolution. A parallel development of T-ray CT is T-ray diffraction tomography (DT). This diffraction tomography system provides a speed increase of an order of magnitude over previous T-ray computed tomography systems and allows diffraction effects to be observed and utilized during reconstruction [69] . T-ray DT may potentially provide 0.1 mm spatial resolution.
Biomedical spectroscopic database
One of the primary advantages of THz imaging over competing techniques is the availability of spectroscopic data within a potentially crucial frequency band. Unfortunately, the responses of many biological tissues are unknown in this band. While work to characterize tissues has commenced, such as DNA [1, 46, 47] , a significant amount of research remains to be done. This problem is compounded by the fact that there are an enormous number of intraand inter-molecular interactions that have an impact within this frequency regime, making interpretation of the detected spectra very difficult.
An associated problem is the development of computer aided diagnostic algorithms for interpreting the multispectral images obtained by T-ray imaging. A number of authors have considered this question by fitting the measured data to linear filter models and using the filter coefficients as a means to classify gas mixtures [5] and tissue types [21] . One of the most important potential applications for terahertz technology is the detection and identification of biological and chemical agents [70] [71] [72] [73] .
Size
Current T-ray imaging systems require areas of a few square metres,most of which is dominated by the ultra-fast laser. The goal of an endoscopic T-ray probe requires a number of significant advances. One recent enabling technology is that of the T-ray transceiver [23] . This technique utilizes the reciprocal relationship between optical rectification and electro-optic detection to allow a single 110 ZnTe crystal for both emission and detection of THz pulses. In principle, such a transceiver could be made as small as 1 mm 2 and mounted at the end of an optical fibre for endoscopic applications. A large number of practical issues remain unresolved, not the least of which is the problem of dispersion of the ultra-fast pulse.
Cost
Finally, it is worth noting that the high cost of ultra-fast Ti:sapphire lasers impedes THz imaging in a number of application settings. The typical cost of a T-ray sensing system and an imaging system is $100 000 and $200 000, respectively. This price may be acceptable for academic research, but may be too high for general medical applications. Nevertheless, T-ray systems compare favourably in price with x-ray CT and NMR systems. All solid state electronic T-ray sources may greatly reduce the total cost.
Conclusion
There is no doubt that THz wave imaging is an attractive technique with enormous potential in biomedical applications. It has a number of important advantages over competing techniques that may give rise to a number of niche applications. To date, however, it has seen only limited exposure in imaging teeth and skin cancers such as basal cell carcinoma. A number of technological challenges are inhibiting more widespread use. We have discussed a number of the most pressing challenges and highlighted potential avenues for their resolution.
